Premise of research. Understanding how various organisms respond to previous changes in climate could provide insight into how they may respond or adapt to the current changes. Conopholis americana has a broad distribution across eastern North America, covering both previously glaciated and unglaciated regions. In this study, we investigated the postglacial history and phylogeographic structure of this parasitic plant species to characterize its genetic variation and structure and to identify the number and locations of refugia.
Introduction
The Pleistocene epoch (approximately 2.6-0.01 Ma) was a time of great climate change that consisted of long glacial periods separated by shorter warm interglacial periods. Climate conditions during this time were greatly variable, with more than 20 glacial cycles recorded, resulting in major alterations to the landscape (Pielou 1991; Williams et al. 1998; Hewitt 2000) . During the Last Glacial Maximum (LGM; ∼20-18 kya) at the end of the Wisconsin glaciation, the Laurentide ice sheet covered most of North America (Canada and the northern United States). In eastern North America, the ice margin extended south to an area comprising what is today the states of New York, Pennsylvania, and Ohio and covering all of the Great Lakes. Permafrost and tundra continued even farther south, beyond the leading edge of the ice sheet. Due to the extreme climate during this time, the distribution of species would have been greatly different from what we see today. As a result of the great expanse of the Laurentide ice sheet at the LGM, most species experienced a reduction or fragmentation in their habitat and population size and would have been confined to southern ice-free refugia in order to escape the harsh environment that made much of North America uninhabitable (Hewitt 1996) .
For plants, the fossil record and pollen data suggest that as the ice sheet advanced in North America, it progressively eliminated habitable regions to the north. As a result, the deciduous forest in this region retreated south of 337N, spanning across the region that today comprises the states of Florida and Georgia as well as the Lower Mississippi Valley (Davis 1981 ; Delcourt and Delcourt 1993; Soltis et al. 2006) . As temperatures rose and the glaciers melted at the end of the LGM, populations were able to expand their geographic distributions northward and recolonize new areas that became suitable (Pielou 1991) . With the migration of populations northward from southern refugia, genetic patterns become evident, following a "southern richness to northern purity" scenario (Hewitt 2000) . This hypothesis posits that higher genetic diversity should be found in populations that now occupy southern, previously nonglaciated regions and predicts the loss/reduction in diversity by those populations moving northward along the axes of recolonization. In North America, this is supported by phylogeographic studies that have revealed a lower genetic diversity in northern populations compared to those from the south (Hewitt 1996 (Hewitt , 2004 McLachlan et al. 2005) .
In contrast to the traditional view described above, recent phylogeographic studies have also shown that more northern, smaller, cryptic refugia may have existed (Stewart and Lister 2001; Jaramillo-Correa et al. 2004; Godbout et al. 2005; McLachlan et al. 2005) . These northern regions would have been located in ice-free areas that persisted near the ice margin as well as on the peaks of mountains protruding through the ice sheet (nunataks). At these locations, isolated populations may have persisted at low population numbers that would not allow detection in the pollen record . Given the increasing genetic evidence suggestive of a wider-ranging assemblage of temperate and boreal taxa at midlatitudes (Rowe et al. 2004; Soltis et al. 2006; Gonzalez et al. 2008) , the boundaries that define breaks in vegetation assemblages now seem to be less well defined. These findings add to the complex history of postglacial colonization following the LGM. They affect our interpretation of how plants respond to changes in climate and whether distributional ranges can be better explained by range expansions from more northernlocated refugia or by dispersal events from the traditionally hypothesized southern refugia. To discern among these hypotheses and study patterns and the tempo of postglacial history in eastern North America, species with broad distributions are needed, spanning both previously glaciated and unglaciated regions.
In a recent molecular phylogenetic study of the North American holoparasitic genus Conopholis (Orobanchaceae; Rodrigues et al. 2011) , Conopholis americana (L.) Warll. was identified as one of its three major lineages and was subsequently confirmed as a distinct species by comprehensive morphometric analyses (Rodrigues et al. 2013) . The distribution of Conopholis in eastern North America spans across (1) several known barriers to plant movement on the continent and (2) locations of glacial refugia (both known traditional locations and cryptic refugia; Soltis et al. 2006) . Conopholis americana is primarily distributed throughout the eastern United States and adjacent Canada, from Nova Scotia to Wisconsin in the north and from Florida to Alabama in the south, with some of its populations found in southern Mexico as disjunct members of this species (Rodrigues et al. 2011 (Rodrigues et al. , 2013 . In eastern North America, these plants are found in moist, deciduous, or mixed forests attached to the roots of red oaks (Quercus section Lobatae) via haustoria.
Populations of Conopholis can be described as rare and isolated, at times being separated by kilometers but usually locally abundant where present. These plants do not possess floral nectaries, and they are not known to attract insect pollinators by producing a fragrance. Studies of flowers postanthesis have found the anthers of C. americana to be in physical contact with the stigma (Baird and Riopel 1986) . This, combined with bagging experiments aimed at exploring the role of wind and insects in pollination (Baird and Riopel 1986) , suggests selfing as a mode of pollination for this species. Plants such as C. americana that are self-fertilizing (Baird and Riopel 1986) and have relatively limited dispersal ability, especially given the reliance on their host for survival, represent great model systems that can be used to identify the location of northern refugia. Namely, such species likely cannot rely primarily on means of long-distance dispersal to explain the expanse of their geographic range seen today but instead may have existed in small populations closer to the ice margin, from which they could expand their range following the retreat of the glaciers.
The overarching goal of this study was to investigate the glacial history of C. americana in eastern North America. Our specific objectives were to employ phylogeographic analyses using plastid and nuclear markers along with species distributional modeling to (1) determine the genetic variation across the range of C. americana in eastern North America, (2) quantify the phylogeographic structure, (3) identify refugia locations and recolonization history, (4) attempt to shed further light on their breeding system, and (5) use the results as a proxy for the host range expansion (red oaks).
Material and Methods

Taxon Sampling and DNA Extraction
A total of 281 individuals from 75 populations were used in this study, covering essentially the entire range of Conopholis americana in eastern North America (e.g., fig. 1b) . A complete list of collecting locations and sample sizes is provided in table 1. Total genomic DNA was extracted from fresh or silica-dried material and purified as described by Rodrigues et al. (2011) .
Plastid clpP Sequencing
Because the plastid genome is nonrecombinant and usually only maternally inherited (Reboud and Zeyl 1994) , it can be used to identify the genetic signature of maternal lineages. Also, owing to a relatively low mutation rate observed in these genomes (Wolfe et al. 1987) , the majority of alleles (haplotypes) recovered are the genealogical derivatives of distinct lineages that predate postglacial colonization (McLachlan 2005) . Therefore, the modern geographic distribution of plastome haplotypes is expected to largely correspond to the migration routes of expanding populations from glacial refugia, and a direct mutational relationship among the haplotypes can be detected and traced. To assess haplotype diversity of C. americana, we targeted the plastid clpP gene and its introns. Polymerase chain reactions, amplicon purification, and sequencing for all 281 sampled individuals were carried out as described in our phylogenetic study (Rodrigues et al. 2011 ). Newly generated sequences were deposited in GenBank under accession numbers KU000617-KU000897. 
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Microsatellite Genotyping
It has become increasingly clear that conclusions drawn from results based solely on a single nonrecombining region/gene of the plastid genome can potentially be misleading (Schaal et al. 1998; Brito and Edwards 2009) . To make more reliable inferences of both past population history and present population structure, phylogeographic studies are moving toward using markers from the organellar genomes along with multiple unlinked nuclear markers in combination with species-distribution modeling. The same 281 individuals (table 1) were genotyped for 10 unlinked microsatellite loci developed and characterized for C. americana (SSR6, SSR9, SSR22, SSR27, SSR33, SSR42, SSR43, SSR49, SSR51, SSR56) following the methods for amplification and scoring detailed by Rodrigues et al. (2012) .
Analyses of Population Diversity and Structure
Plastid sequences were aligned manually in Se-Al, version 2.0a11 (Rambaut 2002) . Gaps in the alignment were treated as missing data. However, indels were coded, and binary codes were appended to the nucleotide sequences. A statistical parsimony haplotype network was constructed using TCS, version 1.21 (Clement et al. 2000) . Support for relationships among major lineages was inferred from nonparametric bootstrapping (Felsenstein 1985) implemented in PAUP*, version 4.0b10 (Swofford 2002) , using 500 pseudoreplicates (each with 20 random sequence addition cycles), tree bisection and reconnection branch swapping, and MULTREES option turned off (DeBry and Olmstead 2000) . Levels of within-population plastid diversity were calculated for populations using the Arlequin software package, version 3.5.1.2 (Excoffier and Lischer 2010) : the number of polymorphic sites (S), the number of haplotypes (h), and the nucleotide diversity (p; specifically, for populations with a sample size of N ≥ 4).
The structure of the nuclear microsatellite data was explored using the Bayesian approach implemented in Bayesian Analysis of Population Structure (BAPS), version 5.3 (Corander et al. 2003) . Using BAPS, groups of genetically similar populations are identified that have restricted gene flow between them. In preliminary analyses, 10 replicates were run for all possible numbers of clusters (K) up to a maximum of 75, the number of populations sampled in our study. We found that 23-35 clusters were supported by the data, with 35 being the optimal number of clusters. Therefore, the final runs were performed with the maximum possible number of clusters set to 35. To infer the relationships between the optimal number of clusters recovered, the distances between clusters obtained in BAPS were used to produce a neighbor-joining (NJ) tree in PAUP* (Swofford 2002) .
To test the significance of the groups recovered using both TCS for the plastid-sequenced data and BAPS for the microsatellite genotyped data, we performed an analysis of molecular variance (AMOVA) implemented in Arlequin (Excoffier and Lischer 2010) . Each data set was partitioned into the groups recovered: (1) plastid-sequenced data partitioned by TCS major and (2) microsatellite genotyped data grouped according to major BAPS lineages. In addition to partitioning the data in this manner, we also divided both data sets according to geographic barriers: (1) populations currently found north versus south of where the ice margin was located at the
LGM and (2) populations found north, on, and south of the Appalachian mountain range.
As a further test of phylogeographic structure throughout the entire range of C. americana in eastern North America, we compared measures of genetic differentiation among populations using the program SPADS (Dellicour and Mardulyn 2014) . The G ST parameter is an unordered measure of genetic variation that depends on the frequencies of haplotypes and does not incorporate their relationships. The N ST parameter, on the other hand, takes into account both the haplotype frequencies and the genetic distance between haplotypes. Parameters that account for the relative degree of similarity between haplotypes (N ST ) make better use of the data inherent in haplotype data compared to measures that account only for haplotype frequencies (G ST ; Petit et al. 2005) . As a result, a significantly higher N ST value compared to G ST indicates that haplotypes that are more closely related tend to be found in a given geographical area (Pons and Petit 1996) .
Distribution Modeling
Ecological niche modeling provides us with the tools necessary to determine the location(s) of suitable habitats for species and define potential distributional ranges at the LGM. In combination with traditional molecular phylogeographic data, it can be used to offer an independent, more objective, and more spatially defined hypothesis for the geographic distributions and patterns of species in the past (Waltari et al. 2007) . To determine regions with relatively suitable climate niches for lineages/populations of C. americana in eastern North America at present-day conditions and at the LGM (ca. 21 kyBP), we took advantage of WorldClim climate data (Hijmans et al. 2005 ) available for 19 bioclimatic factors. These environmental conditions summarize aspects of climate that may be particularly relevant for determining species distribution and their limits. Employing the maximum entropy approach implemented in Maxent, version 3.3.3 (Phillips et al. 2006; Phillips and Dudik 2008) , we used the data to predict where individuals of this species are most likely to occur. Maxent generates ecological niche models utilizing presence-only species records and contrasts them with pseudoabsence data sampled from the remainder of the study area. Layers were trimmed to the area surrounding North America and projected across the same dimensions after modeling. Present-day species occurrence data for C. americana in eastern North America (640 entries) were downloaded from the Global Biodiversity Information Facility data portal (http:// www.gbif.org). Prior to analyses, the data were mapped, and any points that were not in the geographic range of C. americana specific to eastern North America were removed from the data set. In addition, duplicate sample records were removed to avoid the effects of spatial autocorrelation. For the present niche model predictions, we used the 19 bioclimatic variables from the WorldClim data set with a 2.5-min spatial resolution (Hijmans et al. 2005) . For the LGM climate, data layers representative of that time were derived from the community climate system model (Collins et al. 2004 ) at the same resolution (2.5 min). Climate variables were evaluated with ENMTools (Warren et al. 2010) to minimize model overfitting and remove correlated variables. The following six variables were retained for analyses: annual mean temperature, minimum temperature of coldest month, mean temperature of wettest quarter, mean temperature of driest quarter, mean temperature of coldest quarter, and annual precipitation. In Maxent, the models were run using the default convergence setting (10 25 ) with 1000 iterations, using 25% of the localities for model training. Maxent outputs a continuous surface value ranging from 0 to 1, indicating regions of potentially suitable climate niches where individuals/populations of the species could be found. When projected onto the reconstructed LGM data, it can be used to identify potential refugial locations.
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Results
Plastid Sequencing and Analysis
We amplified and sequenced the plastid clpP gene and its introns for all 281 individuals of Conopholis from 75 populations. Sequences were readily alignable and resulted in an overall alignment length of 1553 bp. Scoring indels resulted in an additional 13 characters that were appended to the nucleotide matrix. Most of the populations were fixed for a single haplotype, while nucleotide diversity (p) for populations with a sample size of 4 or greater ranged from 0.000 (many populations) to 0.003125 (accession AC.MD.MT from Montgomery County, Maryland; table 1). The network constructed from the combined data (nucleotides plus indels) revealed a total of 23 distinct haplotypes. Based on a combination of bootstrap support, presence of unambiguous characters, and substantial branch length subtending them, we divided these haplotypes into three major groups (plastid groups P1, P2, and P3; table 1; fig. 1 ) and shaded them black, dark gray, and light gray, respectively, in figure 1. There were clear geographical differences in haplotype frequencies of the three major groups. Plastid group P3 is centered to the north, while group P2 is centered to the south. These Note. For each population, plastid haplotypes are labeled (1-23), and the major group to which they belong is indicated (P1-P3). Likewise, microsatellite genotypes are labeled (1-25), and the major genotype cluster in which they were found is indicated (M1-M3). Accompanying plastid nucleotide diversity statistics are provided. h p number of haplotypes; S p number of polymorphic sites; p p nucleotide diversity (an ellipsis indicates that this value was not calculated due to small population size).
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137 two haplotype groups each have a broad distribution, with a large area of overlap in their range (fig. 1b) . The third group, P1, comprises four very distinct and unique haplotypes found in the central overlapping region, specifically limited in distribution to the southern tip of the Appalachian Plateau (northeastern Alabama and southeastern Kentucky). Populations sampled from across the Appalachians are the most diverse, with representatives of all three haplotype groups present. The states of Florida and South Carolina along with the southern ranges of Alabama and Georgia (all of which are found south of the Appalachians) are found to have populations of Conopholis americana belonging only to haplotype group P2. With respect to the LGM boundary, both haplotype groups P3 and P2 are found north of the ice margin, but those belonging to P3 dominate the northern range. None of the haplotypes belonging to group P1 are found north of the LGM line.
A high proportion of variation resulted from differences between populations (G ST p 0.8775 and N ST p 0.9410). The N ST parameter was calculated to determine whether closely related haplotypes would cluster according to their geographical location. Significant phylogeographical structure was detected (N ST -G ST p 0.0635; Pp 0.0010).
Microsatellite Genotyping and Analysis
Of the 10 loci targeted in this study, there was only one locus with 15% missing data (SSR42). The number of alleles per locus ranged from 2 to 11, with a mean value of 6.5. No significant linkage disequilibrium was detected between any of 45 pairs of microsatellite loci tested, in accordance with our previous results (Rodrigues et al. 2012 ) based on a smaller sampling. Levels of observed and expected heterozygosity ranged from 0 to 0.375 and from 0 to 0.4, respectively. Bayesian analysis of population structure resulted in 25 genetically distinct clusters. The unrooted NJ dendrogram ( fig. 2a) produced from the distance matrix obtained in BAPS revealed the relationship between these genotype groups. Based on a combination of branch lengths and geographical distribution, we divided these haplotypes into three major groups (microsatellite groups M1, M2, and M3) and shaded them black, dark gray, and light gray, respectively, in figure 2. Unlike the plastid case, microsatellite data show only a narrow zone of overlap between these three groups, and each group has a relatively broad distribution. Namely, genotype group M1 dominates the very southern range of C. americana in eastern North America, group M2 has a distribution that is more concentrated in the central region, and populations from group M3 are the predominant genotype in the north. None of these three groups is unique and distinct to a very specific and localized region. On the other hand, similar to what has been seen with the plastid data, populations from the Blue Ridge Mountains and the Appalachians in general are the most diverse, with all three groups represented in that region. Of the 28 populations north of the LGM line, 24 belong to group M3 (light gray) and only four belong to the genotypes of group M2 (dark gray). None of the populations belonging to group M1 (black) are found north of the ice margin; this group does not extend beyond southern Tennessee and southwestern North Carolina. When the NJ dendrogram is rooted by the midpoint method, the distribution of these three groups largely follows a latitudinal subdivision, where southern genotypes from group M1 are sister to central and northern genotype groups M2 and M3, respectively.
The AMOVA confirmed that the best regional differentiation is based on plastid haplotype groupings. Comparison of clusters recovered using both TCS and BAPS revealed that a significant proportion of the genetic variance was explained by differences among groups when the plastid data was partitioned according to the three major plastid groups recovered following TCS analyses (F CT p 0.89). The microsatellite data sorted by BAPS clusters recovered resulted in F CT p 0.19. When geographic boundaries were compared, we observed high and significant structure in the plastid data (LGM: F CT p 0.34; Appalachians: F CT p 0.38) compared to the microsatellite data (LGM: F CT p 0.07; Appalachians: F CT p 0.15). In the cases when considering the boundaries, most of the variation was partitioned among populations within regions as opposed to between regions.
Distribution Modeling
The geographic distribution of C. americana in eastern North America based on current climate data was well modeled by the ecological niche models ( fig. 3a) , as evidenced by the high area under the curve score of 0.982 and the good match between the predicted and the observed current distribution. The modeled distribution accurately shows highly probable areas of habitat extending from as far south as central Florida, north to Nova Scotia, west to Wisconsin, and south to Alabama. When the models were projected onto past reconstructed climate layers at the LGM, suitable regions for the persistence of populations were identified as highly probable in various areas of the south, north-central Florida, coastal Louisiana, the southeastern border of Texas, and the Mexican state of Tamaulipas. In addition, a separate and more northern location with high suitability scores was the tri-state area in the southern reach of the Blue Ridge Mountains where Georgia, South Carolina, and North Carolina border. Relatively habitable locations (with suitability scores between 0.25 and 0.50) extend farther north to straddle the LGM line in southern Indiana and Ohio as well as northern Virginia, West Virginia, and Maryland.
Discussion
The results of our study shed light on the phylogeographic structure of Conopholis americana in eastern North America and are suggestive of this plant's breeding system. Most of the populations are fixed for a particular plastid haplotype or microsatellite genotype (table 1) . Of the 75 populations surveyed, only seven populations have individuals belonging to more than one haplotype. According to the microsatellite data, the maximum value for observed heterozygosity was 0.375, with an average value of 0.042 across all populations. Of the 75 populations sampled, 67 are fixed for a particular genotype cluster. In addition, the inbreeding coefficient (F IS ) was 0.88. This is a measure of the extent of genetic inbreeding within subpopulations, and such a high value is in agreement with the life history and previous bagging experiments (Baird and Riopel 1986), showing that members of this species are highly self-fertilizing.
If populations of C. americana existed in separate refugia during the LGM, each harboring separate haplotypes/genotypes, we would expect to recover genetic differentiation between regions when populations are clustered according to the major haplotype/genotype lineages. Our analyses show that populations of C. americana are indeed geographically struc- 
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INTERNATIONAL JOURNAL OF PLANT SCIENCES tured in eastern North America. Phylogeographic structure is detected when the distribution of phylogenetically related haplotypes contributes to the overall geographic structure of a species (El Mousadik and Petit 1996) . Based on the combination of the number of plastid haplotype and microsatellite genotype groups and their locations in addition to the phylogeographical structure that was detected by means of haplotype-identity permutations (N ST [0.9410] 1 G ST [0.8775]; P ! 0.01), we infer the persistence of a minimum of two glacial refugia at the LGM from which the populations we see today have likely originated. Such a high degree of structure between populations is mostly likely a result of the high frequency of plastid haplotypes P8 and P14 and their derivatives in the southern and northern parts of the species' range, respectively. We identified a southern refugium located in north-central Florida and southern Alabama. The multilocus microsatellite pattern observed is concordant with the plastid model. Plastid haplotypes within group P2 (haplotypes 5-13) are primarily found distributed to the south, though a few are found in more northern populations located in a previously glaciated region. Microsatellite genotypes belonging to group M1 also dominate the southern landscape (genotypes shaded black in fig. 2 ) in the same locations as haplotypes from group P2 (genotypes shaded dark gray in fig. 1 ). In addition, these genotypes harbor high genetic diversity, as evident by the long branches within microsatellite group M1 ( fig. 2a) . Given that populations from Florida, South Carolina, and the southern ranges of Alabama and Georgia ( fig. 1 ) cluster together in both data sets, a migration route from the deep south is suggested, possibly out of Florida and the Lower Mississippi Valley. The location of such a southern refugium is posited for several other species (Acer rubrum [McLachlan et al. 2005 ], Liriodendron tulipifera [Sewell et al. 1996] , Sagittaria latifolia [Mylecraine et al. 2004] , Trillium cuneatum [Gonzales et al. 2008] ) and is in agreement with where the hosts of C. americana, the red oaks, are presumed to have survived during the LGM along with other temperate hardwood taxa (Delcourt and Delcourt 1993; .
In addition, we identified a region in the southern Appalachian Mountains, near the southern tip of the Blue Ridge Mountains, as the location of a second, more northern refugium for C. americana during the LGM. At that time, the southern Appalachians were believed to have been dominated by boreal forest. Today, populations belonging to neither plastid haplotype group P3 nor the microsatellite groups M2 and M3 are found south of the southern Appalachians but instead are the most common haplotypes/genotypes found in the central and northern ranges of this species (figs. 1, 2). Such a pattern in geographic distribution for these haplotypes and genotypes suggests their persistence in a more northern refugium during the LGM. Their occurrence in the Appalachians today is not reflective of the species' most recent northward migration from the southern Florida refugium following the retreat of the ice margin. Instead, a few relictual populations could have survived in the southern Appalachians during the LGM, at which point they would become geographically and genetically isolated from the southern refugium, resulting in their unique genetic signal that is found across the northern spread of the species today. In the plastid haplotype network (fig. 1a) , the character that differentiates group P3 from P2 (light gray and dark gray, respectively) is an eight-nucleotide deletion. These eight nucleotides are present in the haplotypes of groups P2 and P1 (black in fig. 1 ) in addition to the other two species of Conopholis and the sister genus Epifagus (data not shown). The deletion of this nonrepetitive sequence of nucleotides in these haplotypes represents a strong and unique character that is unlikely to be homoplastic (Kelchner and Wendel 1996; Graham et al. 2000) . It is the defining character that supports the separation of populations/individuals belonging to haplotype group P3 (light gray in fig. 1 ) from those originating from the southern refugium. This finding of a more northern refugium located in the southern Appalachians is consistent with that suggested for other plant and animal taxa (e.g., Church et al. 2003; McLachlan et al. 2005; Walker et al. 2009; Jackson and Austin 2010) .
Further evidence for the existence of two separate refugia is the starburst pattern observed from the plastid haplotype network. Such a pattern is an expected signature of a species that has recently expanded from a single geographic source (Avise 2009) . In this case, we observe two starburst patterns, one for plastid group 2, shaded dark gray, and another for plastid group 3, shaded light gray ( fig. 1a ). This indicates a recent expansion from two separate geographic sources, where the common and widespread haplotypes 8 (dark gray) and 14 (light gray) are the ancestral conditions from which the other haplotypes were more recently derived and are still rare. The relatively high diversity found across the Appalachians likely represents a secondary contact zone between populations following recolonization between the two previously separated refugia. As populations from the southern refugium migrated northward at the end of the LGM, they would have encroached on the geographic range harboring populations from the northern refugium. This central region of eastern North America along the Appalachians is where we see a mixture of the different haplotype/genotype groups (figs. 1b, 2b). However, with the retreat of the glaciers, range expansions and recolonization northward would primarily involve populations at the leading edge in this region. Populations from the established northern refugium (light gray groups) are likely to block the range expansion of the related southern refugium populations (leading edge hypothesis ; Hewitt 1996; Swenson and Howard 2005) . As a result, we expect a poleward decrease in genetic diversity within and among populations (Hewitt 2000; Hampe and Petit 2005) . Our study supports such a hypothesis, whereby populations derived from the southern and northern refugia are both found along the Appalachian Mountains, while in the north, populations are primarily derived from the northern refugium (i.e., the leading edge).
Comparing the past and present ecological niche distribution models for C. americana ( fig. 3 ), we notice a substantial reduction in availability of suitable habitat for population at the LGM. At the LGM, highly suitable habitats for C. americana east of the Mississippi River were located in only two regions ( fig. 3b) . The first is the north-central region of Florida and the southern portion of Mississippi and Louisiana along the Gulf Coast, while a second location with high probability scores is in the Blue Ridge Mountains of the southern Appalachians (circled region in fig. 3b ). This finding is consistent with the presumed location of where the hosts of Conopholis and other temperate deciduous hardwood species (Populus, Quercus, Alnus, Betula) are believed to have survived during the most recent glacial cycle ( cussed above), resulting in an overall agreement between where the genetic diversity is observed, the genetic signatures of glacial refugia, and where the most likely suitable habitats for populations are located following our LGM distribution modeling. The convergence of ecological niche models at the LGM and molecular evidence from plastid and nuclear sources provides strong support for the existence of midlatitudinal LGM refugia in eastern North America.
The detection and location of a unique and genetically distinct plastid haplotype group (P1, black haplotypes; table 1; fig. 1 ) provide some clues to the relationships between populations of C. americana in eastern North America and the disjunct members in southern Mexico. This infrequent haplotype group (present in only five of 75 populations and eight of 281 individuals) likely represents relictual retention of the ancestral haplotype. A molecular phylogenetic study of Conopholis (Rodrigues et al. 2011 ) that used two of these five sampled populations (SS.05.79 and SS.03.11 only) found that these particular populations are more closely related to disjunct members in southern Mexico than to populations found in eastern North America. Such an east-west split between the eastern United States and eastern Mexico, observed in more than 50 species of plants, is presumed to have occurred during the late Miocene to midPleistocene (Wood 1972; Graham 1999) . These particular five populations today still retain the distinctive and ancestral genetic signature of south Mexican populations (see number of steps separating haplotypes shaded black from those shaded dark gray in fig. 1a ).
Finally, it should be pointed out that a previous study using the holoparasite Epifagus virginiana, the monotypic sister genus to Conopholis that also exhibits similar intraspecific eastwest disjunction in North America, found that the southern and midwestern regions contained higher allelic richness compared to the north and that population differentiation was greatest in the south (Tsai and Manos 2010) . The results of our study are similar to that recovered in Epifagus. However, unlike their case, where the definition of regions was driven in part by the knowledge of the single host and its location as the ice margin retreated following the LGM, the particular species of red oaks that are the hosts to C. americana in eastern North America are unknown. Even though the distribution of oaks during the LGM at approximately 20 kya is well established based on isopollen maps , it is difficult to distinguish between the different species of oak based on pollen grains (Bennett 1983) . As a result, the records of fossil oak pollen deposits provide an indirect proxy only for the presence of oak communities and not for the particular species of oaks present at any given time. The results of our study on the locations of glacial refugia and the genetic diversity of C. americana can be used as a proxy for the location of glacial refugia and the range expansion of those species of red oaks that are the hosts for Conopholis in this region. A study focusing on the chloroplast DNA variation in one species of red oak (Quercus rubra) in North America found weak phylogeographic structure and no spatial structure of genetic diversity (Magni et al. 2005) . One haplotype was present in 75% of the sampled trees and was the most dominant haplotype north of where the ice margin was located at the LGM. The phylogenetic relationship between haplotypes also exhibited a starburst-like pattern with populations in the southern Appalachians, showing more diversity and harboring some rare haplotypes, suggestive of a glacial refugium being located in that region, much the same as for C. americana. The range of C. americana in eastern North America, however, extends farther south, beyond the distribution of this particular species of red oak (cf. fig. 1 in Magni et al. 2005; Rodrigues et al. 2011) . This further supports the notion that C. americana parasitizes more than one species of red oaks. Other related Quercus species of red oaks whose ranges overlap with that of C. americana and go beyond the distribution of Q. rubra are Q. coccineae, Q. falcata, Q. ilicifolia, Q. imbricaria, Q. marilandica, Q. pagoda, Q. palustris, Q. phellos, and Q. velutina (Aldrich et al. 2003; Samuelson and Hogan 2003) .
Conclusions
In summary, this study utilizes both plastid and nuclear data in addition to paleodistribution modeling and identifies two geographic regions where populations of Conopholis americana in eastern North America persisted through the LGM. It provides support for a notion that populations have existed in separate and isolated refugia from which they expanded their range following the retreat of the ice. The recovery of a distinct southern lineage is in agreement with the location of a previously proposed southern glacial refugium spanning across northcentral Florida, southern Georgia and Alabama, and the Lower Mississippi Valley. The second lineage is dominant across the present northern range and is hypothesized to have been located in the southern extent of the Blue Ridge Mountains of the southern Appalachians at the LGM. Following the retreat of the glaciers, populations from the more northern refugium were the primary players at the leading edge of the northward migration. As a result, their haplotypes/genotypes are the most prevalent in the north, especially in the previously glaciated regions. In addition, the diversity seen across the southern Appalachian Mountains is congruent with the hypothesis that this is the area where populations derived from the southern and northern refugia come together. Future work in this group should focus on identifying the particular species of red oaks that are the hosts for C. americana. If a specific species (or limited set of species) can be ascertained, a similar study can be conducted to determine whether this host(s) also exhibits a comparable (1) LGM history and (2) present-day geographic structure.
